Background-In this report, we provide the first normative reference data and prevalence estimates of impaired orthostatic blood pressure (BP) stabilization, initial orthostatic hypotension, and orthostatic hypotension based on beat-to-beat blood pressure methods in a population-representative sample. Methods and Results-Participants were recruited from a nationally representative cohort study (≥50 years). Beat-tobeat systolic BP, diastolic BP, and heart rate records were analyzed among those who underwent an active stand test (n=4475). Normograms were estimated by use of generalized additive models for location, shape, and scale with BoxCox power exponential distribution. ) of the population aged ≥50 years, with no age gradient evident. The prevalence of orthostatic hypotension was 6.9% (95% CI, 5.9%-7.8%) in the total population, increasing to 18.5% (95% CI, 9.0%-28.0%) in those aged ≥80 years old. Conclusions-Significant age-related differences exist in the time course of postural BP responses, with abnormal responses taking longer than 30 seconds to stabilize. Impaired BP stabilization is more common as we age, affecting more than two-fifths of the population aged ≥80 years, and may play a future role in the management of falls and syncope. (Circulation. 2014;130:1780-1789.)
N ew measures of phasic blood pressure (BP) have revolutionized our ability to assess orthostatic BP and afford new opportunities to better understand orthostatic (hemodynamic) disorders related to morbidity and mortality. The Irish Longitudinal Study on Ageing (TILDA) provides the first opportunity in a population-representative cohort (aged ≥50 years) to describe the distribution of phasic BP behavior and age-related differences in patterns of BP and heart rate (HR) during postural change.
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Impaired orthostatic BP responses and related hypotensive disorders are important clinically and are used to identify an individual's risk of syncope, 1 unexplained falls, 2 and autonomic dysfunction. 3 Orthostatic hypotension (OH) is associated with increased rates of mortality and cardiovascular events 4 and occurs in diabetes mellitus 5 and brain aging. [6] [7] [8] Syncope and unexplained falls are common causes of fractures; have debilitating effects on confidence, quality of life, and independence is defined as an SBP drop of ≥ 40 mmHg or a DBP drop of ≥ 20 mmHg within 15 seconds of active standing. This drop must be accompanied by symptoms (such as dizziness, light-headedness, unsteadiness), and is operationalized using beat-to-beat BP measurements and may lead to presyncope and syncope. 13 To date, the research informing these definitions has predominantly been based on auscultatory and oscillometric BP measures. 14 As new methods of phasic BP measurement emerge, phasic BP patterns will require further characterization to enable a better understanding of the clinical impact of abnormal BP behavior. 15 Here, we provide for the first time normative reference data estimated in a population-representative sample for SBP, DBP, and HR responses to active standing, stratified by age and sex and suitable for clinical application. We also propose beat-tobeat definitions and report prevalence estimates of impaired BP stabilization (OH[t]), IOH, and OH.
Methods

Study Population
Analysis was performed on data obtained from the first wave of TILDA (June 2009-June 2011). TILDA is a prospective cohort study of community-dwelling adults aged ≥50 years who reside in the Republic of Ireland. A nationally representative, equal probability sample ("epsem") was selected as described by Whelan et al. 16 TILDA participants undertook a computer-assisted personal interview in their own homes and were subsequently invited to a physical health assessment, performed by trained study nurses in 1 of 2 dedicated health centers.
Ethical approval was obtained, and all respondents provided signed informed consent before participation. All experimental procedures adhered to the Declaration of Helsinki. Further study design details have been published elsewhere. 17 
Inclusion and Exclusion Criteria
Each member of the population of Ireland aged ≥50 years living at a private residential address was equally likely to be invited to participate in the study. Participants with severe cognitive impairment (Mini Mental State Examination score <14) were excluded.
Participant Characteristics
The following participant characteristics were recorded at wave 1: age, sex, self-reported educational attainment (primary, secondary, or tertiary), living alone, health insurance (public or private), selfreported doctor's diagnosis of common health conditions (hypertension, angina, heart attack, heart failure, diabetes mellitus, stroke, transient ischemic attack, irregular heart rhythm, heart murmur, high cholesterol, cataracts, glaucoma, age-related macular degeneration, cancer, arthritis, osteoporosis, fainting spells, or fractures). Disability was assessed with the instrumental activities of daily living and activities of daily living scales. 17 Information on medication use was recorded and coded with the Anatomic Therapeutic Chemical Classification. Polypharmacy was defined as the regular use of 5 or more medications, and those taking antihypertensive medications (Anatomic Therapeutic Chemical Classification C02, C03, C07, C08, or C09) were also coded. The sample thus contained a subgroup of individuals with hypertension, which could have been treated or untreated.
During assessment, data on body mass index, mean preferred gait speed, dominant handgrip strength, cognition (Montreal Cognitive Assessment), mental health (8-item Center for Epidemiological Studies Depression Scale), and anxiety (the Hospital Anxiety and Depression Scale) were collected. Further study details are published elsewhere.
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Orthostatic BP Measurement
BP responses to orthostasis were recorded by the volume-clamp method combined with Physiocal and brachial artery waveform reconstruction (Finometer, Finapres Medical Systems, Arnhem, Netherlands). Recordings were obtained in a comfortably lit, quiet room maintained at an ambient temperature of 21°C to 23°C. Beatto-beat BP measurements were recorded with a 200Hz, 12-bit resolution analog-to-digital converter. Records were calibrated before measurement.
Participants rested in the supine position for 10 minutes, the Finometer Physiocal function being enabled throughout the rest period. Physiocal was switched off immediately before the participant stood, to ensure a continuous recording throughout measurement of the orthostatic BP response. Physiocal remained off until completion of the stand test. Participants were asked to stand, in a timely manner (<5 seconds), and were aided by a research nurse to mobilize as necessary. After standing, SBP, DBP, and HR were monitored for 2 minutes. Throughout the recording, subjects stood quietly. After 2 minutes, subjects were asked to report occurrence of symptoms (dizziness, light-headedness, or unsteadiness), the presence of which was coded as orthostatic intolerance.
Orthostatic BP Analysis
Orthostatic BP analysis required a number of steps, including (1) data quality screening and artifact rejection, (2) preprocessing and filtering (moving average), and (3) BP waveform feature extraction as described previously. [18] [19] [20] Custom-written MATLAB R2013 version 8.2 software was used to perform this first stage of analysis. Values extracted for analysis are defined in Table 1 and included supine values and transient stabilization parameters (Figure 1 ).
Beat-to-Beat Definitions of Impaired BP Stabilization, IOH, and OH
Impaired BP stabilization (OH[t]), was defined at each time point after standing by the application of normative value derived thresholds. OH(t) is defined at each time point after standing as a value that is lower than the fifth percentile of the SBP or DBP responses 60 seconds after standing in those aged 50 to 59 years. These values correspond to 20 mm Hg SBP or 10 mm Hg DBP. For example, OH(t) at 40 seconds, or OH (40) , is identified in those individuals who have an SBP drop ≥20 mm Hg or a drop in DBP ≥10 mm Hg at 40 seconds after standing (Table 1) .
IOH was defined in those with a symptomatic SBP drop ≥40 mm Hg 13 or DBP drop ≥20 mm Hg within 15 seconds of active standing (Table 1) . OH was defined as a sustained SBP drop of ≥20 mm Hg or a DBP drop ≥10 mm Hg on standing. We defined a sustained drop as a drop that exceeded these thresholds at all of the following time points: 60, 70, 80, 90, 100, and 110 seconds after standing (Table 1) .
Statistical Analysis
Statistical analyses were performed with R version 2.15.0 (GAMLSS [generalized additive models for location, shape and scale] version 4.2.7 for fitting normative distributions) and Stata version 12.1. Changes in SBP, DBP, and HR from baseline after standing were derived. 19 Normative reference values for the difference in BP and HR from supine baseline during active standing were estimated 21 with GAMLSS. 22 SBP, DBP, and HR distributions were individually modeled at each time point after standing using the Box-Cox power exponential distribution. The Box-Cox power exponential distribution has 4 parameters, which correspond to location, scale, skew, and kurtosis. GAMLSS allows all parameters to be modeled as functions of all independent variables. Two models were estimated for each of SBP, DBP, and HR, 1 for the absolute value at each time point after standing and the other for the difference from the baseline (supine) value, representing the maximum drop and impaired stabilization. In each case, time after stand (at nadir and at each 10 seconds from standing to 110 seconds), age group (50-59, 60-69, 70-79, and ≥80 years), and sex were included November 11, 2014 as potential covariates, as well as all of the 2-and 3-way interactions between these variables. The covariates and interactions were selected for inclusion in the model by a stepwise procedure, first selecting the equation for location (assuming constant scale, skew, and kurtosis) and then the equations for scale, skew, and kurtosis in turn. All model parameters were then updated with the incorporation of an inverse probability weight that corresponded to the probability of selection from the target population into the final sample. 23 For each measure, the predicted 5th, 25th, 50th, 75th, and 95th percentiles were reported for each combination of covariates. Additional sensitivity analysis was performed with the addition of supine hypertension (defined as a supine BP >140/90 mm Hg) and hypertension treatment status (treated or untreated) as covariates to these models.
Finally, the prevalence of IOH, OH(t), and OH was reported by age, sex, and time after stand. Data were largely complete at the item level, with missing data assumed to be missing at random. To examine the representativeness of our sample, logistic regression was performed to identify predictors of study nonresponse.
These factors were subsequently used to derive and apply inverse probability sample weights to all prevalence estimates to ensure applicability to the entire population.
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Results
Participant Characteristics
A total of 8175 participants aged ≥50 years were recruited to the TILDA study, of whom 5037 agreed to a center-based health assessment (Figure 2 ). The overall study response rate was 62.0%.
23 Figure 2 shows the number of individual participants who provided valid measurements for the active stand test in the total sample. Of the 4475 participants with complete active stand data, 51.8% were female; the mean age was 62.8 years. The sample was ethnically homogeneous, with the majority of the sample being white. A description of the sample characteristics is provided in Table 2 . From analysis of excluded cases, those who were included in the study were younger, were less likely to be women, and were more educated than those excluded. Normative results were stratified by age, sex, and time after stand. Note the model terms for age, sex, and the interaction between age and sex were statistically significant in the location equation for SBP, DBP, and HR (Table IIA in 
Normative Values
SBP Responses
SBP responses demonstrate distinct age-related differences across both men and women ( Figure 3 ; Table IA 
DBP Responses
From Figure 4 (and Table IC and ID in the online-only Data Supplement), it is clear that age and sex gradients exist in DBP responses. In men, supine DBP decreased from 75.5 mm Hg (IQR, 69.6-81.9 mm Hg) in those aged 50 to 59 years to 70.5 mm Hg (IQR, 63.8-77.6 mm Hg) in those aged 70 to 79 years, whereas in women, supine DBP did not vary significantly with age (Table III in 
HR Responses
Supine HR did not vary substantially with age in men or women (Table IE and HR for both men and women gradually decreased toward supine values from 10 to 110 seconds. However, HR did remain higher than supine values across both sexes and ages.
Prevalence of Impaired BP Stabilization
From the normative graphs ( Figures 3, 4 and 5) , it is evident that the 95th percentiles for SBP and DBP stabilized after 30 seconds at levels close to current consensus criteria (20 mm Hg SBP and 10 mm Hg DBP), especially for men aged 50 to 59 years, although in women, these values were 25 and 13 mm Hg for SBP and DBP, respectively. After sensitivity Table 1 The total prevalence of impaired BP stabilization at 40 seconds was 15.6% (95% confidence interval [CI], 14.1%-17.1%); it was 14.3% (95% CI, 12.4%-16.1%) in men and 16.9% (95% CI, 14.7%-19.2%) in women. In men, it increased from 6.7% (95% CI, 5.0%-8.5%) in those aged 50 to 59 years to 43.4% (95% CI, 27.2%-59.5%) in those aged ≥80 years. Similarly, in women, it increased from 11.4% (95% CI, 9.3%-13.5%) in those aged 50 to 59 years to 39.9% (95% CI, 24.2%-55.6%) in those aged ≥80 years (Table 3) .
Prevalence of IOH
The prevalence of IOH is detailed in Table 3 . IOH was prevalent in 32.9% (95% CI, 31.2%-34.6%) of the population aged ≥50 years and was present in 35.6% (95% CI, 31.2%-34.6%) of men and 30.4% (95% CI, 28.0%-32.8%) of women, with no age effects evident.
Orthostatic Hypotension
The prevalence of OH was 6.9% (95% CI, 5.9%-7.8%) in the total population; OH was prevalent in 8.1% (95% CI, 6.6%-9.6%) of women and 5.5% (95% CI, 4.3%-6.7%) of men. The prevalence of OH increased from 3.2% (95% CI, 1.9%-4.5%) in the youngest men to 18.9% (95% CI, 6.1%-31.7%) in older men and ranged from 5.2% (95% CI, 3.8%-6.7%) in the youngest women (aged 50-59 years) to 18.3% (95% CI, 5.7%-30.9%) in the oldest (aged ≥80 years).
Discussion
In the present report, we describe for the first time nationally representative reference values for cardiovascular responses to orthostasis in community-dwelling adults aged ≥50 years. Specifically, we report the age-and sex-specific time course of cardiovascular responses to standing, resulting in a set of reference values suitable for clinical application. We report on the prevalence of impaired BP stabilization, IOH, and OH using beat-to-beat data collected during an active stand.
There was a wide range of BP response patterns at a population level, indicated by the wide bounds of the normative values. In particular, there were large and significant age-related differences detected in SBP and DBP stabilization patterns. Older individuals (aged ≥60 years) were more likely to demonstrate impaired BP stabilization after standing, with stabilization times taking >30 seconds, whereas faster stabilization (≤30 seconds) was the norm in the cohort aged 50 to 59 years.
In men, we noted that supine SBP increased, whereas DBP decreased with age, which led to increased pulse pressure, as per previous reports. 24 These changes were combined with few or no age-related changes in the minimum SBP values after standing and an age-dependent decrease in minimum DBP after standing and thus led to increases in ΔSBP max and ΔDBP max . The age-dependent pattern in women differed. In women, supine SBP and minimum SBP after standing increased with age, whereas DBP did not increase, which led to no change in either ΔSBP max or ΔDBP max . HR patterns were affected, albeit it to a lesser extent, by age. Supine HR did not differ in men or women with age, whereas peak HR after standing decreased in both men and women. 25 HR decreased from this peak but never completely stabilized to supine values.
In the younger age groups (50-59 years), SBP and DBP stabilized at values above or at baseline, whereas in the older groups, there was a higher tendency to stabilize at lower values, thereby increasing the risk of sustained OH. These findings are in keeping with previous reports. DBP in young adults is known to overshoot baseline by 10% to 15% on standing. 26 A significant proportion of older adults in the 50-to 59-year-old age bracket overshoot the baseline by 5 to 10 mm Hg (ie, ≈10%). Nevertheless, with age, the level of overshoot declines, as noted by Smith et al. 26 Our sample also demonstrated this effect, that is, our sample contained unhealthy older adults who did not return to baseline completely, with this effect worsening with age. According to Smith et al, 26 this age-related gradient may reflect impairment in autonomic function, increased arterial stiffness, and muscle pump deficits, which increase the risk of syncope. Sensitivity analysis examining the effects of treatment status and supine hypertension on the normative values indicated a statistically significant but small effect of these factors, especially in women, with responses being more impaired in the presence of either. Furthermore, normative values suggested that a refinement in thresholds for OH and OH(t) may be required, especially in women with hypertension (or undergoing antihypertensive treatment) in agreement with Freeman et al.
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These age-related differences in transient responses could reflect both age and comorbidity effects on the active and passive mechanisms that govern BP control, including intravascular and extravascular volume redistribution, 27 decreased baroreflex 31 and passive viscoelastic changes. 32 Decreased muscle strength and cardiorespiratory deconditioning may also lead to changes in muscle vasodilation and muscle pump activity. 33, 34 The normative Tables and Figures provide a set of reference values that may have clinical application in establishing diagnostic criteria, determining the severity of impairment, and treatment titration. A number of points are noteworthy. A large range of initial BP drops were evident in the population. The 95th percentile of ΔSBP max in men aged 50 years was 59.6 mm Hg. This value is considerably higher than the current diagnostic threshold for IOH. Secondly, after 60 seconds, the 5th to 95th percentiles of SBP were within ±20 mm Hg of supine SBP, whereas the 5th to 95th percentiles of DBP were −10 mm Hg and +11 mm Hg of supine values. These values are similar to current thresholds used for identifying those with OH, and thus, the consensus criteria, if suitably applied to beat-to-beat data, will lead to good estimates of sustained OH.
It was also evident from Figure IA through IF in the onlineonly Data Supplement that 95% of the youngest group had stabilized by 30 seconds to within 20 mm Hg of supine SBP and by 40 seconds to within 10 mm Hg of supine DBP. Impaired BP stabilization may thus be identified with the use of consensus thresholds applied at 30 to 40 seconds, although a more refined set of values based on the normative graphs could be used alternatively at each time point. The suggested definition of impaired BP stabilization here captures those who go on to fully stabilize their BP within 2 minutes and those who have sustained drops (OH). Therefore, an additional measurement at 90 to 120 seconds could be used to provide a differential diagnosis to classical OH.
The prevalence of those with impaired BP stabilization is high, increasing from approximately 9.1% (in 50-to 59-year-olds) to approximately 41.2% of oldest adults. As noted by Lagro and colleagues, 35 it is likely that those with moderately impaired BP stabilization (OH [30] positive but OH negative) demonstrate signs of subclinical physiological autonomic dysfunction and a precursor to more severe OH. This impaired BP control may lead to endorgan hypoperfusion, syncope, 1 falls, 2 and increased mortality. 35 In the present sample, approximately 70% of individuals fulfilled the hemodynamic criteria for IOH. When symptoms were accounted for, the prevalence of IOH ranged from 28.1% to 37.4% depending on age and sex. De Marées 36 reported that 22% of students (n=466) experienced symptoms consistent with IOH, whereas Wieling et al 13 reported that 8% of medical students had experienced 1 or more episodes of transient loss of consciousness related to standing up. Romero-Ortuno et al 37 reported a prevalence of 19% in a convenience sample of community-dwelling older adults. Differences in the reported prevalence are likely to stem from cohort and methodological differences. For example, here, we applied minimally filtered data (1-2 seconds of averaging), whereas the work reported by Romero-Ortuno 37 used a 5-second moving-average filter, which is likely to provide a lower prevalence estimate. 20 The clinical significance of this has been studied by van der Velde et al, 20 who noted that 1-and 5-second averaged signals conferred very similar odds to falls risk.
The prevalence of OH by use of beat-to-beat approaches demonstrated significant age and sex gradients. The prevalence was also dependent on what stage during the transient response the definition was applied, with prevalence values typically plateauing after a 30-to 40-second window. Prevalence estimates derived by oscillometric or auscultation methods have traditionally estimated OH in normal healthy individuals in the range of 5.0% to 30.3%, 14 with the largest study of 33 000 community-dwelling individuals indicating a prevalence of 6.2%. 38 A number of recent studies using beat-to-beat approaches have reported a higher prevalence of OH, which is not unexpected given the methods OH (50) OH (60) OH (70) OH (80) OH (90) OH (100) OH (110) used. One study sampled subjects attending a geriatric day center and reported a prevalence of 72% in fallers and 50% in nonfallers, 20 whereas the second reported a prevalence of 94% in community-dwelling elders. 18 Cooke et al 15 most recently reported a prevalence of 59% in community-dwelling older adults using head-up tilt testing. Again, methodological differences in applying the definition of OH to beat-to-beat measurements likely explain much of the differences here; that is, these studies used any drop of 20/10 mm Hg within 3 minutes of standing to identify those with OH, whereas we included a sustained drop in our definition and estimated the prevalence of OH as 6.9%, a value close to previous oscillometry-based estimates. 38 However, if we do not include sustained in our definition, the estimated prevalence of OH as applied to the full 2-minute window is approximately 98% by use of beat-to-beat data.
These differences emphasize an important challenge in the analysis and interpretation of these data. Current definitions of OH lack the explicit timing information needed to define a sustained OH response. This is particularly important when one interprets beatto-beat versus oscillometry-based prevalence estimates. 39 Here, we used measurements that fell within a window of 60 to 120 seconds of standing to identify those with OH. All values within this window (after appropriate filtering) must have remained below the consensus criteria values to be considered a sustained drop.
Finally, transient responses measured here were clearly characterized by an initial BP drop, which was followed by a return to supine values typically within 20 to 30 seconds. A proportion of these transiently overshot or undershot baseline levels but still returned to supine levels. These responses closely resemble the morphological patterns identified by previous studies. 15, 18, 37 Moreover, it is our experience that significant oscillations or variability may be superimposed on these trends during supine rest, the transient or standing steady-state periods. Analytical approaches to date have used simple magnitude-and timing-based measures to capture the range of transient responses to standing, 35 with more advanced clustering methods used by Finucane et al, 40 Romero-Ortuno et al, 18 and Cooke et al. 15 The use of these approaches and more advanced methods may enable us to capture the full range of responses while also providing a transparent mechanistic link between the underlying physiology and observed patterns. 41 
Study Strengths and Limitations
Although the study consisted of a large sample size, 38% of participants did not have a health center assessment. It has been reported elsewhere that these individuals in general are older with higher levels of physical disability. To control for this, analyses were weighted to account for the selection process. Second, for logistical reasons, individuals were not requested to fast or abstain from smoking, alcohol, caffeine, or exercise before assessment. These factors have been reported to affect reproducibility of results in some studies; however, time of day and food ingestion were shown not to influence orthostatic BP behavior in a more recent study. 42 
Conclusions
New methods of beat-to-beat BP measurement offer the opportunity to better understand patterns of orthostatic BP control. Here, we report for the first time nationally representative reference data suitable for clinical applications. Significant age differences exist in the time course of BP responses, with abnormal responses taking longer than 30 seconds to stabilize. Impaired BP stabilization is highly prevalent in adults aged >50 years and is an easily measured physical sign. An additional measurement at 120 seconds is suitable to provide a differential in those with OH, which we note affects almost 7% of older adults. The clinical relevance of both impaired BP stabilization and OH phenotypes in syncope 1 and falls 2 will be determined in future work.
CLINICAL PERSPECTIVE
Our increasing longevity is well recognized and evident in global demographics. The use of novel technologies to aid early identification and treatment of age-related disorders such as falls is a vital component of the global response to aging. One area of growing clinical interest is the role of hypotensive disorders as a risk factor for falls. Measures of phasic blood pressure (BP) have revolutionized our ability to assess orthostatic BP, and they afford new opportunities to better understand orthostatic (hemodynamic) disorders related to morbidity and mortality. This study is the first nationally representative study to describe the population distribution and age-related changes in phasic postural BP responses in older adults. It provides normative values that can be used in a clinical setting to guide management of orthostatic hemodynamic disorders. In addition, we describe definitions suitable for clinical use in identifying patients with impaired BP stabilization and orthostatic hypotension when using newer BP measurement technologies. Finally, the present study also establishes that impaired BP stabilization during standing is common and increases in prevalence significantly with age (40% of those ≥80 years of age). Given previous evidence, it is likely that impaired BP stabilization is a key component of understanding the role of hypotension in the risk management of falls as wells as other age-related disorders. These results may inform future diagnostic approaches in the management of hypotensive disorders and risk of falls at a global level, not only in specialist centers but also at a community level with the emergence of newer measurement technologies.
Supplemental Material
Age Terms selected into the final model equations for SBP, DBP and HR absolute values and differences from baseline value. Stars indicate interactions, and imply main effects so for example Age*Sex implies the main effects of Age, Sex and the interaction between Age and Sex are all selected into the model. Each variable is modelled using a Box Cox Power Exponential (BCPE) distribution which has four parameters. Mu corresponds to the location of the distribution, sigma to its spread, nu to its skew and tau to its kurtosis. Time (since stand) is entered into the model as a factor variable with each level corresponding to a 10 second interval after standing. Age is a four level factor variable representing age group and sex is male or female. Models are selected on the basis of AIC using the stepwise procedure indicated in the text.
This table indicates that all parameters vary significantly with age and sex, and that the spread and skew parameters vary significantly with all covariates, confirming the importance of using a flexible distribution such as BCPE when estimating normative values. However, none of the model equations include the three way interaction between time, age and sex, suggesting that a fully stratified estimation would overfit the data.
